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ABSTRACT
The growth, form , and decay o f  ice  in turbulent G oldstream  Creek,
Alaska, has been observed  each year since 1964. O verflow s which occu r 
throughout die early  part o f the w inter deposit layers o f ice  (aufeis) upon the 
p re -ex is tin g  ic e  surface.
V ertica l and horizontal thin sections o f the stream  ice  from  the years
1965-66, 1966-67, and 1967-68 w ere exam ined and photographed under ordinary 
and polarized  light. The c -a x e s  o f the crysta ls  w ere oriented with a R igsby fou r - 
axis stage and plotted on Schmidt equal-area  nets. Exam ination o f photographs 
and stereogram s revealed  five basic types o f ice  in G oldstream  Creek: (1) c lea r, 
m assive, original stream  ice  com posed  of elongate, tapered crysta ls  in which 
the c -a x e s  are p rim arily  horizontal and random ly oriented; (2) bubbly overflow  
ic e  layers (aufeis) with horizontal c -a x e s  which are som etim es aligned para llel 
to the stream  flow ; (3) skim  ice  layers with vertica l to horizontal c -a x is  cry sta ls ; 
(4) fin e-grain ed  equigranular snow ice ; and (5) underwater ice  m asses o f slightly 
coherent, rounded plates with the c -a x e s  norm al to die plates and random ly 
oriented.
During break-up the m elt-w ater flow s on top o f the stream  ice  and slow ly 
erodes the ice  layers  in the stream  by a com bination o f m elting and m echanical 
fragm entation. The layers are eroded  away in descending ord er from  the top to 
the bottom  o f the stream .
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INTRODUCTION
Genera] Statement
Water freezin g  in a turbulent stream  behaves d ifferently  than water 
freez in g  in a relatively  ca lm  environm ent under die sam e tem perature regim e. 
The growth of ice  in bodies of still water begins as a surface  skim  which grow s 
downward. In a turbulent stream , ic e  often form s on the bottom  and within the 
stream  before  ic e  develops on the su rface . The ice  that form s on the bottom  of 
the stream  is term ed "anchor ic e "  and that which form s within die stream  itse lf  
is ca lled  " fra z il ic e " .  These two term s have been co lle ctiv e ly  ca lled  "u n d er­
w ater ic e "  by A ltberg  (1923, 1936), who pointed out diat diey are  form ed  by the 
sam e m echanism .
A fter the su rface  ice  has form ed a com plete cov er  on the stream , p r e s ­
sure bulges begin to form . Benson (1966, p. 103; 1967, p. 19) has shown that 
the freez in g  o f w ater builds up p ressu re  by con strictin g  the channels. The 
p ressu re  causes the bulges and, eventually, the overflow s. Gold and W illiam s 
(1963) described  a "hum p" som e 10 m eters high, 100 m eters wide, and 1200 
m eters long on the Ottawa R iver, Canada, that was the d irect resu lt o f  fraz il 
ic e  deposition in a trench which resulted in a con striction  o f the flow  and a 
correspon din g r ise  in the w ater elevation.
A fter the bulge or  hump has been form ed, expansion and contraction  o f 
the ice  su rface  results in the form ation  o f crack s. F ollow ing the form ation  o f 
the crack s, the bulged ice  surface  gradually sags down in the center. As f r e e z ­
ing continues, the space available fo r  running water is constricted . The p ressu re  
which develops is  re lea sed  when w ater escapes through cracks in the ice , or 
along the m argins o f the stream . This w ater flow s out over the existing ice  
w here it freezes  to form  overflow  ice  layers or  "au fe is".
O verflow s occu r  throughout the early  part o f the w inter and can build up 
an extensive thickness o f aufeis that may be an o rd er  o f magnitude grea ter than 
the original depth o f the w ater in the stream  (Benson, 1968, p. 19). The p ro ce ss  
continues until late January or  early  February. A fter the la st overflow , the 
stream  rem ains relatively  stable, except fo r  cracking, until the break-up begins 
in the late spring (F ig. 2).
During break-up, when the ice  choked channels cannot contain the runoff,
Plate 1. Aerial view of Goldstream Creek.
3the stream  w ater flow s on top o f the ice  su rface . With in creasin g  a ir tem p er­
atures and in creasin g  w ater depth on the ice  su rface , die ic e  layers  begin to 
erode away. The layers on top erode away first, follow ed by the low er la yers . 
The last ic e  left in the stream  is  that frozen  to rocks and branches along the 
banks and stream  bottom .
Environm ent
The study area is  located  s ix  k ilom eters north o f the U niversity o f Alaska, 
w here G oldstream  Road c r o s s e s  G oldstream  C reek (Plate 1). M ost observations 
and m easurem ents w ere made between the bridge and the firs t  upstream  bend 
which is  about 110 m eters north o f the bridge (F ig. 1). G oldstream  C reek, which 
m eanders through a broad, generally  north -east trending va lley , has a gradient 
o f about five m eters p er  k ilom eter. The stream  bed con sists  o f m aterial ran g ­
ing in s ize  from  very  fin e-gra in ed  s ilt  to pebbles, with the m ajority  in the sand 
ra n ge .
The study area  was chosen  because it was easily  a ccessa b le  throughout 
the w inter and during the break-up period .
Previous W ork
'T he 1967-68 season  was the fifth consecutive season  that data w ere r e ­
cord ed  at G oldstream . The f ir s t  m easurem ents w ere taken in 1963 by Dr. Carl 
Benson and graduate students from  the U niversity o f Alaska. As the ob serv ers  
gained knowledge o f the stream , they designed m ore elaborate observations 
and m easurem ents. The m easurem ents included a ir, w ater, and ice  tem p er­
atures; w ater and ice  elevations; and cr o s s -s e c t io n s  o f the stream . Sum m aries 
of the w ork accom plish ed  each year w ere published in the G eophysical Institute 
Annual Reports fo r  the years 1963 to 1968, and in the 1966, 1967, and 1968 
Annual Reports o f  the Institute o f W ater R esou rces (IWR), U niversity o f Alaska.
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F igure 1. Plane table map o f G oldstream  C reek observation  site on 23 Septem ber 1967.
5Present Studies
During the 1967-68 season  an extensive program  fo r  the record in g  o f 
data was initiated at the G oldstream  site. In addition to the study o f aufeis ch a r­
a cte r is t ics  of turbulent stream s, two students conducted resea rch  on the d iagene­
s is  o f the snow co v e r  and on the m oisture content o f the soil during a freeze-th aw  
cy c le .
This thesis was derived  p rim arily  from  the data and ice  sam ples obtained 
from  the 1967-68 season. H ow ever, ice  co re s  and b locks from  the two p ro c e e d ­
ing years w ere  a lso  available fo r  petro fabric  analysis. Some data are being r e ­
corded  during the 1968-69 season. Ice  sam ples w ere  co lle cted  at various stages 
o f the freeze -u p . Before break-up, a sm all trench w ill again be excavated to 
check the ice  layering fo r  any anom alous features.
Acknowledgm ents
The rese a rch  fo r  this thesis was accom plish ed  under the d irection  o f D r. 
Carl Benson o f the G eophysical Institute, U niversity o f Alaska. D r. H .D . 
Pilkington served  as acting com m ittee chairm an while D r. Benson was on sab ­
batical leave in 1968-69, and a lso  provided technical in form ation concern ing 
petro fabric s.
Financial support fo r  the p ro ject was arranged by D r. Benson in the form  
o f a resea rch  fellow ship through the Institute o f W ater R esou rces  at the Univ­
ers ity  o f Alaska.
Others involved with the G oldstream  p ro ject include: D r. A. H.
Thom pson, v is itin g  p ro fe sso r  o f M eteorology  from  Texas A and M U niversity; 
D r. T. D. Ham ilton and D r. D. B. Hawkins, both o f  the G eology Departm ent at 
the U niversity o f Alaska; and Ed Wood and Dennis Trabant, graduate students 
from  the U niversity o f Alaska. All have provided valuable assistan ce, both in 
the field  and the laboratory.
The use o f  a co ld room  fo r  studying the ice  sam ples was made available 
by the A rctic  Environmental Engineering L aboratory (A. E. E. L . ) at the Univ­
ers ity  o f Alaska. The e fforts  o f the A. E. E. L. sta ff to keep the co ld room  o p e r ­
ational w ere greatly appreciated.
\PHYSICAL MEASUREMENTS OF THE 1967-68 ICE CYCLE
F reeze -u p  Period '
P rior to the freeze -u p  o f G oldstream  Creek, the stream  banks w ere 
c lea red  o f trees  and shrubs to facilitate a plane table survey o f the area. Iron 
p ipes w ere installed on the stream  banks at the end points o f six  different c r o s s ­
sections (F ig. 1). H ose clam ps w ere installed on each pipe at a fixed elevation 
a rb itrarily  defined by the center re feren ce  bolt on the bridge. P rofiles  o f the 
stream  bed w ere surveyed at each c r o s s -s e c t io n ; once before  the freeze -u p , 
each week during the w inter, and once a fter break-up.
The freeze -u p  o f  G oldstream  Creek started on 30 Septem ber 1967, when 
the firs t  ice  o f the season  form ed on puddles o f  w ater near the road. The first 
three therm ocouple strings w ere  installed in three, one m eter deep pits near 
the building (F ig. 1) in ord er to determ ine the tem perature gradient in the so il.
A fourth string o f therm ocouples was placed  on the stream  bed along the c r o s s ­
section  between stakes 5 and 6 (F ig. 1).
Tvvo days after the therm ocouples w ere installed, ice  began form ing 
along the banks and on a bar in the stream  w here the w ater was re la tive ly  shallow. 
This ic e  con sisted  m ainly o f c -a x is  v ertica l cry sta ls  and gradually grew  out 
from  the stream  banks toward the center in the form  o f large d iscs  and plates 
(Plate 2). Some dendritic blades (Plate 2), s im ila r to those observed  by Schaefer 
(1950), Prupacher (1967, Fig. 1 ), and W illiam s (1959, p. 56) w ere observed  
form in g  on the d iscs  and plates in the m iddle o f the stream .
On 5 O ctober the first "underw ater ic e "  (frazil and anchor ice ) was o b ­
served  on the bridge pilings, along the banks, and in the shallow part o f  the 
stream  (Plate 3). Underwater ice  developm ent in creased  in the stream  every  
day until freeze -u p  o ccu rred  on 21 O ctober. The daily variation  in tem perature 
(F ig. 3) throughout the freeze -u p  period  resulted in maximum form ation  o f under­
w ater ice  late at night and early  in the m orning. The growth o f ice  on the bottom  
in crea ses  the resistan ce to stream  flow ; this d ecrea ses  the ve locity . Since the 
d ischarge is  essentia lly  constant, the d ecrea se  in v e locity  demands an in creased  
c r o s s  sectional area. This has been v er ified  by the in crease  in water depth every
6
7night. When the stream  was freed  o f ice  during the follow ing day the stream  
height returned to its previous value (F ig . 3). Late in the m orning the current 
o f the stream  began to peel the underwater ice  o ff the bottom  o f the stream , 
ca rry in g  large amounts o f d ebris  with it. The underwater ice  reached m axim um  
developm ent just be fore  the stream  com pletely  froze  over.
During the freeze -u p  period  w ater sam ples w ere  taken. E lectr ica l co n ­
ductivities o f the sam ples w ere m easured and plotted with the correspon din g 
values o f  w ater elevation  and tem perature (F ig. 3). The conductance values in ­
creased  gradually until just be fore  the stream  had a solid  ice  cov er  on it when 
the values began to in crease  rapidly.
Nine days a fter the firs t  solid  layer o f ice  had form ed  on the stream , a 
fifth string o f therm ocouples was installed on it. Two days la ter , la rge  crack s 
form ed in the ice  on the w est side o f the stream  para llel to the bank. As a result, 
the elevation  o f the ic e  surface at the center o f the stream  d ecreased  (F ig. 2, 
su rfaces 3 and 4). .
P ressure bulges began to develop on the ic e  su rface  p r io r  to the o c c u r ­
rence o f the f ir s t  m a jor overflow . The w ater p ressu re , which caused the p r e s ­
sure bulges (Benson, 1968) was re leased  when the stream  w ater broke through 
the cracks in the ice  and at the stream  m argins. This w ater which overflow ed 
froze  to form  a la yer  o f aufeis on top o f the first ice  su rface . This p ro c e s s  was 
repeated throughout the freeze -u p  period  and deposited severa l m ore  la yers  of 
aufeis fo r  a total thickness o f about 100 cm  upon the original ic e  surface.
Three additional therm ocouple strings w ere installed at various leve ls  
in the aufeis (F ig. 2). T em peratures in the ic e  and surrounding area w ere 
m easured once a week until break-up. The isotherm s (F ig. 4) indicate that 
w ater flow ed along the stream  bottom  until the m iddle o f  January. A com parison  
o f  the m axim um  and m inim um  a ir  tem peratures (F ig. 5) with the plot o f the ice  
height (F ig. 6) revea ls  that all the overflow s, except one, o ccu rred  during 
rela tively  w arm  periods.
A. Skim ice growing from 
near the right hand side.
B. Dendritic bladed ice. Bottom 
side up.
D. Platelet structure of skim ice.
Plate 2. Surface ice form s at Goldstream
sides of creek and also on bar
C. Initial ice skim of needles, 
plates, a n d  dendrites.
E. Initial ice skim in polarized 
light. Dark area contains c-axis 
vertical ice.
Creek during freeze-up in October 196
C. Close up showing dirt contained 
in the ice.
D. Close up showing platelet 
structure of the ice.
E. Underwater ice frozen into the 
bottom layer of stream ice.
F. Underwater ice under 
polarized light.
Plate 3. Underwater ice from Goldstream Creek during the freeze-up period in 
October 1967.
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■ M id-w inter Period
" During the m id -w inter period  the ic e  surface  elevation rem ained r e la ­
tively  stable. The crack: that had form ed  after the last overflow  continued to 
enlarge. Snow depth inci ;ased on the ice  surface to a m axim um  o f about 50 cm .
Excavation o f  a tr nch (Plates 4 and 5) fo r  studying the ice  structures 
w as started on 9 M arch, bout five m eters south o f the line between stakes 3 
and 4 (F ig. 1). The trenc h was 1 m wide, 7 m long and 110 cm  deep. Pebbles 
and debris w ere observed frozen  into the ice  as m uch as 30 cm  above the stream  
bed (Plate 3E), and are pi obably the result o f anchor ice  being peeled o ff the 
bottom  o f the stream , ov« rturned, and then being incorporated  into the o v e r ­
lying ice  su rface  (Devik, 1949, p. 309). Exam ination o f the debris laden ice  
under p o larized  light rev« aled that it was m ade up o f very  fin e-grain ed  to 
m edium -grained equigrar ilar ice  with som e elongate tabular crysta ls  (Plate 3F). 
Apparently, m ost o f  the t aded or  platelet structure o f the underwater ice  was 
destroyed  during its incoi poration into the overly in g  ice  surface.
P ieces o f ice  w ere cut out o f the trench  and thin sections prepared  for  
petrofabric study. In add tion, sm all p ieces  from  each layer w ere m elted so 
that e le ctr ica l conductivit es could be m easured (F ig . 7). The layers that w ere  
re la tive ly  free  o f snow ic genera lly  had low er conductivities. All conductivities 
w ere  at least 100 umho le ;s than those obtained from  the stream  w ater during 
the freeze -u p  period  (F ig  3).
Break-up Period
The firs t  indicatic i o f  break-up was the appearance o f yellow  w ater and 
ice  near the snow tables ( 7ig. 1). The amount o f water gradually in creased  until 
17 A pril when slight m elt ng o ccu rred  at stake 6 . On 18 A pril, water flowed 
from  the crack s in the st: earn and in creased  in depth on the ice  surface until 
3 May, when the w ater le el began to recede . A fter the snow on the surface  o f 
the ice  had m elted, the ic ; su rface  topography was m easured with an alidade 
and plane table. P rofiles also w ere  m easured at each o f the s ix  c r o s s -s e c t io n s  
and a topographic map o f he ice  surface was prepared (F ig. 8).
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Figure 7. Plot of the electrical conductance for each of the ten different 
layers of the 1967-68 season ice. The clear, snow free layers tend to 
have lower values.
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Plate 4. Dr. Carl Benson photographing west end of trench which is near the 
center of the stream.
Plate 5. Ice layering in west end of trench at Goldstream Creek.
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E rosion  o f the firs t  surface la y ers  o f ice , by a com bination  o f  m elting 
and m echanical fragm entation, began on 27 A pril. This p ro ce ss  continued to 
rem ove succeeding la yers  o f ice  until 11 May, when the only ice  rem aining was 
that along the banks o f the stream . C ro ss -se c t io n s  o f the ice  su rface  m easured 
at the line between stakes 5 and 6 and at the bridge during the break-up period  
are  shown in F igure 9.
F igure 8. Ice surface topography at G oldstream  C reek  on 20 A pril 1968. Contour interval is  five  cen tim eters. 
Note la rge  crack  in cen ter o f  the stream  and at ex trem e right hand side o f drawing.
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Figure 9. C ro ss -se ct io n s  o f C oldstream  C reek during break-up. Stipled area 
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STRATIGRAPHY AND PETROFABRICS OF THE ICE
1967-68 Ice
In M arch 1968, ice  co re s  from  the preceed in g  y e a r 's  w ork  at G oldstream  
Creek w ere used fo r  p ra ctic in g  the techniques o f petro fabric  analysis as described  
by Bader (1951), Haff (1938), Langway (1958), and R igsby (1960). V ertica l s e c ­
tions o f  die ice  co r e s  w ere  cut and mounted in the A. E. E. L. co ld  room . A fter 
exam ining the vertica l sections under polarized  light, a number o f horizontal 
sections w ere  cut fo r  petro fab ric  study. Exam ination o f the horizontal sections 
revealed  diat a few  layers  con sisted  o f elongate, tabular cry sta ls  with the c -a x is  
perpendicular to the long dim ension o f the crysta l (Plate 6). Since orientation o f 
the co re  re la tive  to the stream  d irection  was unknown, a la rge  b lock  o f oriented 
ice  was cut from  the trench located  five m eters south o f  the line between stakes 
3 and 4 (F ig. 1, Plates 4 and 5) so that orientation with respect to the stream  
d irection  could be determ ined.
Two thin sections about 10 cm  wide and totaling 110 cm  in length w ere cut 
and mounted on la rge  g lass plates. The sections w ere then sm oothed with a w arm  
e le ctr ic  iron'*' until they w ere approxim ately 0. 4 m m  thick. Ice o f this thickness 
d isplays firs t  o rd er gray in terferen ce co lo r s  and gives sharp extinction positions.
The 1967-68 ice  (Plates 7 to 12) con sists  o f  ten definite layers  with many 
sublayers. The z e ro  elevation re feren ce  fo r  the ice  section  is  defined at the top 
o f the ic e  form ed  when the original stream  surface froze .
L ayer 1 (Plate 7) represents the original stream  ice  and con sists  o f c lea r , 
dense ice  with long tapering cry sta ls . In the v ertica l section  these crysta ls  
range in width from  one m m  near the top o f the layer to two cm  at the bottom.
In ord er to assure that the w arm  iron  did not a lter the crysta llin e  s tru c ­
ture o f the ice , two p ieces  o f ic e  w ere  cut from  the sam e section . One was 
mounted using the iron  fo r  sm oothing and the other p iece  was mounted after in it­
ia lly  sm oothing with a knife blade and finally with the palm o f  the hand. No d iffe r ­
ences could be detected in the two p ieces .
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Plate 6. Horizontal thin sections from  the 1966-67 ice core  under polarized 
light. The c-ax is is perpendicular to the long dimension of the crystal.
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Examination o f the horizontal section s (Plate 8) revea ls  subhedral, equigranular 
cry sta ls . The cry sta ls  range in s ize  from  le s s  than one m m  diam eter at the 
top o f the la yer  to as much as two cm  in diam eter near the bottom . The s te re o ­
gram s for Layer 1 (Appendix A, -6  cm  and -11 cm ) show that, in general, the 
crysta ls  lie  with the c -a x is  nearly horizontal and random ly oriented. Near the 
top of the layer, som e cry sta ls  are  a lm ost v ertica l but within a few centim eters 
depth, these cry sta ls  becom e wedged out by the horizontal cry sta ls .
Scattered throughout Layer 1 are occasional patches o f very  fin e-grain ed  
bubbly ice  containing rocks and plant m aterial (Plate 3, E and F). Such ice  is  
thought to have resulted from  accum ulation o f underwater ice  upon the overlying 
ice  cov er  on the stream  (Benson, 1968, personal com m unication).
Layer 2 con sists  t>f fine-grained  equigranular, stratified  snow ice , with 
one m inor overflow  layer at +10 cm . The aufeis layer con sists  o f m edium -grained, 
tapered cry sta ls . Many sm all a ir bubbles, le s s  than one mm in d iam eter, are 
d ispersed  throughout the section , with a layer of la rg er  bubbles located  two cm  
below the top o f the layer. T hree distinct layers  o f snow w ere saturated with 
overflow  water and then solid ified  to form  the snow ice  layers .
The boundary between L ayers 1 and 2 is  m arked by a thin zone o f black 
stream  sedim ent which is  concentrated along the grain boundaries in a polygonal 
pattern. The black stream  sedim ent d isappears within a few cm  below  the top 
o f Layer 1. The sedim ent indicates that the firs t  surface water that froze  co n ­
tained m ore  debris than the water which froze  later in the season. The very  
bottom o f Layer 2 contains som e elongated air bubbles le ss  than one cm  in length.
The boundary between L ayers 2 and 3 is  m arked by a layer o f v ery  fine, 
redd ish -brow n , decayed plant m aterial (Plate 7, ordinary light). Minute a ir 
bubbles up to 0. 5 cm  in length and very  thin elongate, tubular a ir bubbles are 
a lso  present. The base o f Layer 3 is  aufeis and con sists  o f  c lea r , dense ic e  in 
which the cry sta ls  are long, thin, and tapered. The top portion  (L ayer 3-B) is 
made up o f very  fin e-grain ed , equigranular snow ice  with som e la rge  bubbles.
The boundary between 3 -A  and 3-B is  quite irregu la r and indicates that snow fell 
upon the overflow  b e fore  the surface  had frozen . Layer 4 is identical to Layer 
3-B except for a lack  o f the a ir bubbles.
Layer 5 is  aufeis con sistin g  o f m edium -grained tapering cry sta ls  with 
many elongate tubular a ir bubbles. The horizontal section  fo r  this layer (Plate 
10, +29 cm ) shows an in terlock ing arrangem ent o f m edium -grained subhedral
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cry sta ls . The stereogram  fo r  the Layer (Appendix A, +29 cm ) revea ls  that som e 
o f the crysta ls  are  nearly v ertica l and som e are nearly horizontal, with no p r e ­
fe rred  orientation with respect to stream  flow.
Layer 6 is  made up o f fin e-grain ed  equigranular snow ice  with zones o f 
la rge  bubbles, up to 1/2  cm  in d iam eter, at the top and bottom  o f the layer.
Layer 7 con sists  o f  interbedded, bubbly aufeis and bubbly snow ice .
Bubbles are m ore  num erous in this la yer than in any other layer in the section , 
possib ly  because it froze  at a faster rate, since this overflow  occu rred  at tem ­
peratures o f -3 0 °  C. and below.
L ayer 8 is  subdivided into two secondary' units. The basal unit (8-A ) 
con sists  o f c lea r , bu bb le -free  aufeis that contains som e la rge  p ie ces  o f ye llow - 
brown, decayed, plant m aterial and som e green  algae (Dr. V . L. H arm s, 1968, 
personal com m unication). In v ertica l section  the crysta ls  o f this unit are  c o a r s e ­
grained, long, and taper from  v e ry  narrow  near the top to as m uch as two cm  
wide near the bottom . Exam ination o f the horizontal sections (+63 cm , +  66 cm , 
+68 cm , Plate 12) shows m edium  to coa rse -g ra in ed  subhedral cry sta ls . Some 
v ery  fin e-grain ed  cry sta ls  containing organic m aterial are a lso  present. The 
stereogram s o f two o f these sections (Appendix A, +66 cm , +68 cm ) c le a r ly  show 
a m axim um  in the northeast quadrant. Unit 8-B is  another aufeis layer o f thin, 
long, tapered crysta ls  that contains v ery  finely dissem inated organic m aterial. 
This thin tapered ice  gradually grades into very  fin e-grain ed  snow ice  at the top 
o f the layer. This layer shows a broad distribution o f points on the stereogram  
with m ost o f  the c -a x e s  being nearly horizontal.
Layer 9 con sists  o f c le a r , coa rse -g ra in ed  aufeis. In the v ertica l section  
this ice  has a type o f  "b lock y " structure under polarized  light. The horizontal 
sections from  the L ayer (Plate 12, +83 cm  and +89 cm ) contain elongate, tabular 
cry sta ls  with the c -a x is  perpendicular to the long dim ension o f the crysta l. The 
stereogram s for  these sections (Appendix A, +83 cm  and +89 cm ) show a definite 
para llel alignment o f  the c -a x is  with the stream  flow .
Layer 10, the final la yer o f the season, was made up o f fine-grained , 
bubbly, stratified  snow ice .
Layer 3B 
Fine-grained snow ice
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Tabular overflow ice
Thin tubular air bubbles
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interbedded with clear, bubbly 
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Plate 7. 1967-68 vertical thin section from the bottom part of the stream section.
Bottom of stream is at the bottom of page. Each square on the grid equals one
square centimeter.
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Plate 8. 1967-68 horizontal thin sections from the bottom part of stream
section under polarized light. Each square on grid equals one square centi­
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Plate 9. 1967-68 vertical thin section from the middle part of stream section.
Each square on the grid equals one square centimeter.
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Plate 10. 1967-68 horizontal thin sections under polarized light from the middle
part of the stream section. Each square on the grid equals one square centi­
meter.
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Plate 11. 1967-68 vertical thin section from  the top part of the stream section.
Top of stream is at the top of the page. Each square on the grid equals one
square centimeter.
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Plate 12. 1967-68 horizontal thin sections from the top part of the stream
section under polarized light. Each square on the grid equals one square
centimeter.
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Several ic e  co r e s  w ere  obtained from  G oldstream  C reek in the spring o f 
1967 and stored  in a fr e e z e r  until a petrofabric analysis could  be p erform ed  on 
them. V ertica l and horizontal thin sections, made from  one o f the 1967 co re s , 
w ere  exam ined under p o larized  light. These sections (Plate 6) revea led  that 
c -a x is  orientation with resp ect to the stream  flow  should be investigated further 
and this was done on the 1967-68 ice .
In addition to the p re ferred  d irection  o f the c -a x is  in som e o f the s e c ­
tions, another im portant d ifferen ce  in the 1966-67 ic e  was the appearance o f a 
c lea r  layer com posed  alm ost en tire ly  o f c -a x is  v ertica l crysta ls  (L ayer 3, Plates 
13 and 14). An ice  layer s im ila r to this type was observed  form in g  at G oldstream  
Creek in O ctober 1968. This was the first ice  skim  of the season  and grew  out 
from  the banks in a shallow quiet area. The v ertica lly  oriented ice  was not noted 
in the 1967-68 ice .
1966-67 Ice
1965-66 Ice
During the spring o f 1966, ice  b locks w ere obtained from  a trench  located  
just south o f  the line between stakes 1 and 2 (F ig. 1). The p ieces  w ere  m arked 
with a felt pen to indicate orientation with resp ect to the stream , then w ere  stored 
in a fre e ze r . M ost o f the ice  w as not wrapped and as the ice  evaporated, the 
m arkings gradually disappeared. Proper stream  orientation is  therefore  unknown 
fo r  these sam ples.
The ice  from  this season  c lo se ly  resem b les  the 1967-68 ice . The bottom  
o f the section  con sists  o f c lea r , original stream  ice  which is overla in  by a 
su ccess ion  o f la y ers  o f snow ice  and aufeis. Two la y ers  in this section  have 
cry sta ls  oriented with the c -a x e s  prim arily  v ertica l. Layer 2 (Plates 17 and 18) 
con sists  o f  a section  o f bubbly ic e  containing large v ertica l cry sta ls . The h o r i ­
zontal section  labled +0 . 5 cm  (Plate 18) con sists  m ostly  o f cry sta ls  which are 
either v ertica l o r  nearly v ertica l. Several grains which are m ore  nearly h o r i­
zontal are a lso  present. The horizontal section  (+1. 5 cm ) which lie s  one cm  
above the vertica lly  oriented ice  is m ade up o f an in terlock ing  arrangem ent o f
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Plate 14. 1966-67 horizontal thin sections under polarized light from the bottom
part of the ice core. Each square on the grid equals one square centimeter.
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Plate 15. 1966-67 vertical thin section from the top part of the ice core. Top
of stream is at the top of the page. Each square on the grid equals one square
centimeter.
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elongate, tabular, horizontal crysta ls  with severa l v ertica l cry sta ls .
Layer 5 (Plates 19 and 20) is  made up o f c lea r , dense aufeis and con ­
tains many crysta ls  that are  vertica lly  oriented. The horizontal section  at 
+27 cm  (Plate 20) contains coa rse -g ra in ed , anhedral, elongate, tabular crysta ls , 
with orientations ranging from  horizontal to vertica l. The irregu la r  grain 
boundaries o f the crysta l in this section are s im ila r to the grain boundaries 
described  by Knight (1962, p. 323) and could be the resu lt o f dendritic growth.
H orizontal section  +28 cm  (Plate 20) is  dominated by a single vertica lly  oriented
2
crysta l with a surface area  o f m ore than 35 cm  .
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Plate 17. 1965-66 vertical thin section from the bottom part of the stream
section. Bottom of stream is at bottom of page. Each square on grid equal-,
one square centimeter.
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Plate 18. 1965-66 horizontal thin sections under polarized light from the bottom
part of the stream section. Each square on the grid equals one square centimeter.
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Plate 19. 1965-66 vertical thin section from the middle pari of the stream
section. Lacli square on the grid equals one square centimeter.
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Plate 20. 1965-66 horizontal thin sections under polarized light from the middle
part of the stream section. Each square on the grid equals one square centi­
meter.
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Plate 21. 1965-66 vertical thin section from the top part of the stream section.
Top of the stream is at the top of the page. Each square on the grid equals one
square centimeter.
4Plate 22. 1965-66 horizontal thin sections from the top part of the stream
section under polarized light. Each square on the grid equals one square
centimeter.
COMPARISON WITH OTHER TYPES OF ICE
Lake Ice
In many resp ects  the growth and form  o f ic e  in lakes or  m elt ponds is 
quite s im ila r to that o f turbulent stream s. In lakes, the form ation  o f the ice  
co v e r  begins with the initiation o f a thin ice  skim  made up of needles, feathers, 
and d iscs  or  ste llar form s which have the c -a x is  norm al to the plane o f the 
growth and norm al to the w ater surface (Arakawa, 1955). Maguruma and Kikuchi 
(1964, Fig. 1) state that i f  the supercooled  layer is  thick enough, barb -lik e  vanes 
with c -a x e s  norm al to the vanes begin to form  and extend down into the w ater, 
form ing an interlock ing arrangem ent o f dendritic blades. S im ilar dendritic blades 
w ere  observed  at G oldstream  Creek (Plate 2-B) during the 1967-68 season.
The firs t  growth o f ice  in lakes may be random , or  consistently oriented 
with either horizontal o r  vertica l c -a x e s . Lyons and Stoiber (1962, p. 368) 
found that i f  the winds over the lake surface have a velocity  greater than 2. 7 
m /s e c ,  m echanical fragm entation of the ice  surface w ill take p lace . When this 
happens, the v ertica l b arb -lik e  vanes or dendrites break o ff and float to the 
surface with the c -a x is  o f the dendrites being norm al to the w ater surface. T h e re ­
fore , depending on the wind and the amount o f supercooling, any c -a x is  orientation  
from  v ertica l to horizontal may prevail in lake ice .
Except fo r  the virtual absence of wind during the w inter in G oldstream  
V alley , and the ex isten ce o f turbulent water and underwater ice  in the stream , 
the form ation  o f the firs t  layer of ice  at G oldstream  is alm ost identical to that 
form ed in lakes.
Lake ice  crysta ls  in the surface layer which have their c -a x e s  horizontal 
are always fine-grained  (1 mm) at the top and random ly oriented in the h o r i­
zontal plane. The c -a x is  vertica l crysta ls  are genera lly  coa rse -g ra in ed  (cm ) 
(Lyons and Stoiber, 1962).
A fter the initial ice  skim  has form ed, the ice  continues to grow  downward. 
Knight (1962, p. 322) states, "Below the surface all the ice  was c -a x is  horizontal. 
Evidently phenomena occu rrin g  during growth of ice  at the bottom  of an ice  sheet 
can be m ore im portant to the orientation o f the bulk of the ice  than the initial ice
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form ation. " This change in orientation from  the random m ixture o f horizontal
and vertica l crysta ls  o f  the su rface  layer to the c -a x is  horizontal orientation of
the deeper ice  has been attributed to a wedging out o f the vertica l grains by the
horizontal grains and to an alignment o f the basal plane, i. e. , the plane o f the
m ost rapid growth, with the vector  o f the heat flux (Knight, 1962, p. 324 and
2
Shumskii, 1964, pp. 160-67). Lake ice  crysta ls  grow  to la rge  s izes  (cm  ) with 
depth and the c -a x e s  tend to becom e m ore nearly horizontal. The orientation 
o f the c -a x is  in the horizontal plane is  random.
If the p ictu res o f the vertica l and horizontal ice  sections for  the original 
ic e  and the overflow  ice  o f G oldstream  Creek (Plates 7 to 22) are com pared to 
those o f Knight (1962, p. 323); M agrum a and Kikuchi (1963, pp. 694-95); and 
Ragle, Blair, and P ersson  (1960, pp. 44, 51), it is  found that there is  little 
d ifference at all between the two types o f ice .
When dendritic growth occu rs  in m elt ponds, i . e . ,  lakes form ed  from  the 
m elting and freezin g  o f ice , the grain boundaries becom e irregu lar in a rather 
period ic  fashion, doubtless re fle ctin g  the platelet structure. E very grain having 
a tilted c -a x is  develops one side as a straight face (Knight, 1962, pp. 323, 329). 
This face is  the one para lle l to the trace  o f the basal plane toward which the 
horizontal sections o f Layer 9 o f the 1967-68 ice  (Plate 12, sections +83 cm  
and +89 cm ). The dendritic growth irregu lar pattern m entioned by Knight (1962, 
p. 323) a lso  appears in the G oldstream  ice  (Plate 20, section  +27 cm ).
Crystals in the m elt ponds on the Ward Hunt Ice Shelf (Ragle and others, 
1960, p. 45) w ere  found to con sist o f m edium  to very  coa rse -g ra in ed , long, 
colum nar cry sta ls  with straight grain  boundaries. A lso  noted here w ere  many 
long, linear, w e ll-o r ien ted  tubular a ir bubbles w hich term inated at a boundary 
defined by one to two centim eters o f crysta l c lea r  ice . The c lea r  ice  is  thought 
to have crysta lized  last, i. e. , the layer frozen  from  the bottom  up. Many bubbles 
s im ila r to these w ere  found in the aufeis from  G oldstream  Creek.
In com paring lake ice  to the ice  form ed in turbulent stream s, a c lo se  
s im ilarity  is  noted from  the initiation o f the firs t  ice  crysta ls  to the final form  
that the ice  assum es.
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Sea Ice
Although sea ice  and stream  ice  are both c la ss ified  as congelation  ice  
by Shumskii (1964, pp. 83-84), their structure and fa b ric  a re  fo r  the m ost part 
quite different. In the horizontal section, sea ice  typ ica lly  d isplays a "platelet 
stru ctu re", as shown by W eeks and A ssur (1967, Fig. 10), Bennington (1963,
F igs. 11, 12, 15, and 16), and Knight (1967, Plates 7 and 8). This typical p la te­
let structure is the result o f ice  that freezes  from  a solution rather than from  a 
liquid (D orsey , 1940, pp. 423-24).I '
W eeks and A ssur (1967, pp. 6 -7 ) state that the firs t  crysta ls  to form  in 
sea ice  are in the form  o f minute spheres o f pure ice . Growth changes these 
spheres into thin c ir cu la r  disks, which then change to hexagonal stars. These 
stars then overlap  and form  a continuous thin ice  skim with a slight concentration  
o f  crysta ls  with their c -a x is  v ertica l and a few in a lm ost every  other d irection . 
C om parison o f F igure 2 o f W eeks and A ssur (1967) with Plate 2 -C  o f the G old- 
stream  C reek ice  skim shows a c lo se  resem blance o f the two ice  cov ers .
As in the form ation  o f lake ice  and stream  ice , the amount o f turbulence 
during the freez in g  p ro ce ss  and the amount o f su percoolin g  greatly  a ffect the 
crysta l form  of the initial cov er . During conditions o f  significant turbulence 
m ore crysta ls  fo rm  per unit volum e o f sea w ater, th erefore  in creasin g  the abra ­
sive action  between cry sta ls . This resu lts in a slush that congeals to give fin e ­
grained, equigranular ice  with a random  c -a x is  orientation, s im ila r to the snow 
ice  layers o f the G oldstream  Creek ice . A fter the initial ice  skim  has form ed 
on the su rface , the growth rate o f the crysta ls  is determ ined by the heat flux 
in the sheet. A short distance below  the upper ice  su rface , sea ice  is  mainly 
com posed  o f c -a x is  horizontal cry sta ls . Apparently the sam e m echanism  of 
geom etric se lection  o f horizontal c -a x is  cry sta ls , prev iou sly  d iscu ssed  by Knight 
(1962, pp. 322-28), and Shumskii (1964, pp. 160-67) can be applied to sea ice  
as w ell as lake ice  and stream  ice . Perey and Pounder (1958, p. 500) a lso  found 
this m echanism  o f se lection  o f horizontal grains when conducting experim ents 
on fresh  w ater and variou s solutions in tanks.
Sea ice  d iffe rs  from  lake ice  and r iv e r  ice  in that it has the platelet 
structure ch a ra cter istic  o f  freez in g  in solutions.
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G lacier Ice
A ccord in g  to Shumskii (1964) there are basica lly  three types o f ice :
(1) congelation  ice , (2) m etam orphic ice , and (3) sedim entary ice . C ongela­
tion ice , the equivalent o f igneous ice , is the d irect result o f freez in g  w ater, 
i . e  ice  form ed  in lakes, ponds, stream s, and in the sea. Sedim entary ice  in ­
cludes ice  form s such as hail, sleet, h oarfrost, and rim e. M etam orphic ice  
is  ice  that has undergone a change or transform ation  o f form  after its original 
deposition. G lacier ice  is an exam ple o f a truly m etam orphic form  of ice .
In com paring one form  o f ice  with another, the basic  type and m ode of 
growth should be considered . As previously  pointed out, g la c ie r  ic e  is  co n ­
sidered  to be m etam orphic in nature and should th erefore  have a ch a ra cter istic  
fa b ric  that is d ifferent from  stream  ice . A com parison  o f stream  ice  to g la cier  
ice  revea ls  that not only do the two types o f ice  have different m odes o f growth, 
but that they each p o ssess  distinguishing fa b rics  and structures. H ow ever, the 
fin e-grain ed  snow ice  layers  o f G oldstream  C reek are  s im ila r in appearance to 
fin e-grain ed  g la cier  ice .
CONCLUSION
' The five basic  form s o f ice  produced by turbulent stream s are: (1) skim 
ice , (2) original bottom  stream  ice , (3) overflow  ice  (aufeis), (4) snow ice , and 
(5) underwater form s o f  ice .
There are two types o f the skim  ice : (1) a lm ost entirely  c -a x is  v ertica l 
crysta ls  in the form  of large plates and (2) dendritic blades and plates with c -a x e s  
norm al to the plates and random ly oriented. The turbulent nature o f the stream  
and the ex isting m eteoro log ica l conditions at the tim e o f freez in g  have a la rge  
influence on whether the original skim  ice  w ill be p reserved . This skim  ice  is  
s im ila r to that which form s on puddles, lakes, and ponds.
The original bottom  stream  ice  is  generally  c le a r  and m assive and co n ­
tains elongate, tapered cry sta ls . In the upper part o f  the layer, which usually 
contains a large amount o f silt, the crysta ls  are  rela tively  sm all and random ly 
oriented from  horizontal to v ertica l. The silt is  apparently brought to this p o s i­
tion by anchor ice  floating up from  the stream  bottom . Some o f  it becom es 
incorporated  in the ic e  form ing at the su rface . Within a few centim eters depth 
from  the top o f the layer, the horizontal crysta ls  wedge out the vertica l cry sta ls . 
Scattered throughout this bottom  layer o f  ic e  are occasion a l large (30 cm  long) 
tubular a ir bubbles and patches o f fin e-gra in ed  ic e  containing large amounts o f 
rock  and d eb ris . Except fo r  the underwater form s o f  ice  which becom e p reserved  
in the bottom  layer, the original stream  ice  is  quite s im ila r to  lake ice .
The aufeis layers  a re  generally  c le a r , som etim es bubbly la yers  with long 
tapered cry sta ls . In certain  ca ses  a definite para lle l alignment o f  the c -a x is  
with stream  flow  occu rs . D endritic blades and plates w ere observed  form ing 
at various inclinations on the underside o f  the skim  ice  at G oldstream  Creek and 
extending down into the stream .
The snow ice  la yers  con sist o f  bubbly, som etim es stratified  ice , in which 
the grains are very  fine to fine-grained , euhedral, and equigranular in both the 
horizontal and v ertica l section s. This ic e  c lc se ly  resem bles  fin e-gra in ed  g la cier  
ice .
In their initial state, the underwater fo rm s o f  ice  appear as spongy, 
slightly coherent m asses o f plates and dendrites with the c -a x e s  norm al to the
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plates and random ly oriented. Much of this ice  becom es anchored to the bottom  
o f the stream . As soon as it becom es bouyant enough, lumps o f it are peeled  
o ff the bottom  o f the stream  by the current, ca rry in g  la rge  amounts o f rock  and 
debris with it. These ice  m asses overturn and bounce along the bottom  o f the 
overly in g  ice  layer, often depositing large amounts o f debris upon it. Apparently, 
a large portion  o f the plates are destroyed  during this p ro ce ss  because the under­
water ice  found frozen  into the bottom  layer o f the stream  generally  con sisted  o f 
fin e-gra in ed  equigranular crysta ls  with only a sm all amount o f bladed crysta ls .
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APPENDIX A
'  1967-68
STEREOGRAMS
The follow ing stereogram s w ere derived from  the c -a x e s  o f cry sta ls  plotted on 
Schmidt equal-area  nets. Contour lines w ere drawn through points co rresp on d ­
ing to densities o f 1, 2, 3, 4, 5, 7, and 10 percent in one percent o f the area. 
Each stereogram  represents 25 to 35 c-axes .
Percent o f c -a x e s  in a one percent area o f the stereogram
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1965-66
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